The effects of Ce additive on CO2 hydrogenation over Rh/SiO2 catalysts were studied. Ce addition drastically increased CO2 conversion. The main product was CO over unpromoted Rh/SiO2 catalyst, but methane over Ce promoted Rh/SiO2 catalyst. Moreover, Ce additive promoted ethanol production. The mechanism of the promotion effect of Ce was investigated by XRD, TEM, EDX and FT-IR. The mean metal particle size of Rh-Ce/SiO2 estimated by XRD and TEM analysis was smaller than that for Rh/SiO2 and Ce/SiO2. In-situ FT-IR during reaction and CO2 adsorption on unpromoted catalyst showed CO2 molecules were adsorbed as CO species as found in CO adsorption. However, a new peak attributed to carboxylate species was observed at around 1570cm-1 by CO2 adsorption as well as during reaction over the Ce promoted Rh/SiO2 catalyst. This result indicates that the Ce additive enhanced CO2 adsorption on the catalyst, leading to increased activity. The new adsorption band at around 1700cm-1 may be attributed to a CO molecule bonded through both the carbon and oxygen atoms due to higher metal dispersion. These findings suggest that the Ce additive enhanced CO dissociation and CO insertion over Rh/SiO2 catalysts, resulting in promotion of CH4 and ethanol formation.
Introduction
Rhodium metal is one of the most active catalysts for the hydrogenation of carbon monoxide. The hydrogenation of CO to form oxygenated products over supported Rh catalysts has been studied for many years to produce chemical feed stocks from synthesis gas. Some studies have investigated CO2 hydrogenation using supported Rh catalysts, but usually for the synthesis of methane1)-5) or for methanol and acetic acid synthesis6), 7) . A solution to global warming requires the formation of oxygenates rather than methane, which Cerium-based catalysts are very important in various reactions. For example, Rh-CeO2 interaction enhances the selectivity for oxygenates from CO/H29)-11). It is recognized that the reaction of CO2 hydrogenation over Rh catalysts proceeds through adsorbed CO spe-In addition, the mechanism for CO2 hydrogenation is generally agreed to be similar to that for CO hydrogenation17),18 In-situ FT-IR was also used to observe the adsorbed species on the catalysts to investigate their behavior.
2, Experimental
The catalyst support was SiO2 supplied by Fuji-Davison (#57, 260m2/g). Rh(NO3)3 (Soekawa Chemicals) and
Ltd.) were used as precursor salts. Silica gel, sieved into 16-32 mesh size ranges and heated in vacuo at 473K for 2h, was impregnated with an aqueous solution of mixture of Rh and Ce precursor salts. The mixture was dried at 473K in vacuo, and then reduced at 623K for 1h in a H2 flow at 100cm3/min to prepare the Rh-Ce/SiO2 catalysts.
Powder X-ray diffraction analysis (XRD) was car-Transmission electron micrography (TEM) used a JEOL JEM-2010F at an accelerating voltage of 200kV. The TEM samples were crushed, slurried with water and deposited on a copper grid, which was set in the * To whom correspondence should be addressed. Table 1 . Rh loading was 5wt% and the atomic ratio of Ce:Rh was 1:1. The Cc additive considerably increased CO2 conversion.
The addition of Cc also remarkably increased methanol and ethanol selectivity.
The main product was CO over unpromoted Rh/SiO2 catalyst, but methane over Ce-Rh/SiO2. In contrast, 6.8wt% Ce/ SiO2 catalyst, with the same loading of Ce as the catalyst with Ce:Rh of 1:1, was inactive in CO2 hydrogenation.
XRD
The Rh mean particle size was estimated by using XRD spectroscopy to measure the line broadening of the Rh(111) (d=0.22nm) peak width from Scherrer's formula21). The results are listed in Table 2 . The mean particle size of Ce-Rh/SiO2 catalyst was smaller than that of Rh/SiO2 catalyst.
XRD spectra of 5wt% Rh-Ce(1:1)/SiO2 were taken over a wide range of diffraction angles to assign the state of Ce additive.
The diffraction peaks due to the form of dioxide on the Rh-Ce/SiO2 catalysts. The crystallite size of CeO2 calculated using the (220) line was 4.0nm.
In the case of 6.8wt% Ce/SiO2 catalyst, the mean size of CeO2 crystallites was 4.7nm. Therefore, the mean CeO2 crystallite size of Ce-Rh/SiO2 was also smaller than that of Ce/SiO2. Figure 1 shows TEM micrographs of the catalysts. Metal particles were omnipresent on both surfaces of the support.
TEM and EDX Analysis
In the case of 5wt% Rh/SiO2, the (111) plane of Rh metal (d=0.22nm) was present on the Rh particles ( Fig. 1 (a) ). The lattice planes were also observed on 5wt% Rh-Ce(1:1)/SiO2 catalysts ( Fig. 1  (b) ), but which plane should be assigned to which metal or alloy was difficult to decide.
EDX analysis was also carried to confirm that metal particles on the Rh-Ce/SiO2 catalyst observed by TEM consisted of Rh and/or Ce. Both Rh and Ce were detected on all analyzed metal particles on Rh-Ce/SiO2 catalyst. No metal particle that consisted of Rh or Ce only was found. The sizes of clearly discernible particles were measured. Figure 2 depicts the distribution of metal particle size observed by TEM. From the results of EDX analysis, all metal particles on the Rh-Ce/SiO2 catalyst consisted of Rh and Ce. Thus, in the case of Rh-Ce/SiO2, metal particle size determined by TEM observation might not be the Rh particle size in the strict sense. The mean particle sizes of metal determined by TEM were 4.5nm for 5wt% Rh/SiO2 and 2.2nm for 5wt% Rh-Ce(1:1)/SiO2 ( Table 2 ). Both a) Reaction conditions: reaction temperature. 533K: reaction pressure. 5MPa: flow rate, 100cm3/min; H2/CO2 ratio, 3. values for mean particle size obtained by XRD line broadening are smaller than those obtained by TEM observation, suggesting that there were small particles that could not be seen by TEM, but the effect of Ce additive on the particle size estimated from XRD line broadening was the same as that from TEM. Therefore, Ce additive caused a decrease in the mean particle size of Rh.
In-situ FT-IR Observation during the Reaction The results of in-situ FT-IR observation of adsorbed species for Rh/SiO2 and Rh-Ce(1:1)/SiO2 catalysts are depicted in Fig. 3 . On the unpromoted catalyst, adsorbed CO species were observed at 2038cm-1 (terminal type CO) and 1807cm-1 (bridged type CO) ( Fig.  3 (a)). The peak at around 1600cm-1 was assigned to adsorbed water23) and/or bidentate carbonate on SiO224). In addition, a shoulder band at 1905cm-1 was assigned to Rh2-(CO)318),25)-27), On the Ce promoted Rh/SiO2 catalyst, terminal type CO was also observed at 2040cm-1 ( Fig. 3 (b) ). Various bands in the region of 1900-1300cm-1 were supposed to consist of bridged CO species (around 1800cm-1), tilted CO band (around 1700cm-1)9),10),28), water (around 1630cm-1) and other adsorbed species.
3.4.2.
In-situ FT-IR Observation of Adsorbed CO Species In-situ FT-IR observation of the Rh/SiO2 and Rh-Ce/SiO2 catalysts during CO adsorption and subsequent reduction in H2 was carried out in the same way. The procedure was as follows: the catalyst was set in the IR cell and reduced in hydrogen at 623K for 0.5h. The sample was cooled to 303K in H2; then CO was introduced.
After CO adsorption, CO was exchanged with H2 and the temperature was raised from 303 to 573K. Figure 4 illustrates the in-situ FT-IR spectra for 5wt% Rh/SiO2 catalyst. When CO was introduced to the catalyst, five bands appeared at 2171, 2123, 2064, (h) 573K.
1872 and 1628cm-1 ( Fig. 4 (a) ). The first and second bands were due to gas phase CO, because these disappeared under the flow of H2 ( Fig. 4 (b) ). The third band was assigned to v(CO) of linear CO species and the fourth band to v(CO) for bridged CO species. These two adsorbed CO species started to decrease at 533K ( Fig. 4 (g) ), disappearing completely at 573K ( Fig. 4 (h) ). The fifth band was assigned to bidentate carbonate species on the SiO2 surface and is thought to be caused by the reaction of CO with residual oxygen and/or moisture/hydroxyl groups on the surface of SiO229). Figure 5 shows the in-situ FT-IR spectra for 5wt% Rh-Ce(1:1)/SiO2 catalyst. After CO adsorption, peaks assigned to gas phase CO appeared at 2170 and 2119cm-1 ( Fig. 5 (a) ). As in the CO2 hydrogenation reaction ( Fig. 3 (b) ), linear CO species and broad
As the temperature was raised in hydrogen, the peak at 2008cm-1 disappeared at 373K ( Fig. 5 (d) ). The bands at 2042 and around 1700cm-1 ( Fig. 5 (b) ) also began to decrease at 473K ( Fig. 5 (f) ). These species disappeared completely at 533K ( Fig. 5 (g) ).
To assign the peaks in the region of 2050-1300cm-1 more exactly, except for linearly adsorbed CO species on Rh, in-situ FT-IR spectroscopy was also performed over 6.8wt% Ce/SiO2 catalyst. When the Ce/SiO2 catalyst was exposed to CO at 303K, peaks were found at 2171, 2116, 2014 and 1607cm-1 ( Fig. 6 (a) ). The first and second bands were assigned to gas phase CO. the species at 2008cm-1 in Fig. 5 (a) , this species disappeared at 373K ( Fig. 6 (d) ). The fourth band was Therefore, in addition to adsorbed CO species on Rh, the observed bands around 2050-1300cm-1 in Fig. 5 (a) were due to adsorbed CO species on Ce, tilted CO band, bidentate carbonate species on Ce and water. 3.4.3.
In-situ FT-IR Observation of Adsorbed CO2 Species In-situ FT-IR observation of CO2 adsorption on the catalysts and the reactivity of adsorbed species against hydrogen was also carried out. Figure 7 depicts the result for 5wt% Rh/SiO2 catalyst. Two peaks were observed at 2021 and 1778cm-1 in Fig. 7 (a) . The peak at 2021cm-1 was assigned to linear-type CO species. Compared with the linear CO species found in Fig. 4 (a) , the linear CO in Fig. 7 (a) appeared at a lower frequency.
Adsorbed CO species at 2021 and 1778cm-1 were relatively stable and remained at 573K ( Fig. 7 (h) ). Figure 8 illustrates in-situ FT-IR spectra of CO2 adsorption on the 5wt% Rh-Ce(1:1)/SiO2 catalyst. Completely different spectra were obtained, by comparing with Fig. 7 . When CO2 was introduced onto the catalyst, two strong peaks appeared at 1622 and 1576cm-1 ( Fig. 8 (a) ). The former disappeared at 373K ( Fig. 8 (d) ), the latter at 533K ( Fig. 8 (g) ).
The bands at 2036, 1788 and 1419cm-1 were also found in Fig. 8 (a) . Judging from the frequency, peaks at 2036 and 1788cm-1 were assigned to terminal and bridged CO species on Rh, respectively. These adsorbed CO species started to decrease at 473K (Fig. (h) 573K. (h) 573K.
8(f)) and disappeared completely at 533K ( Fig. 8  (g) ). Therefore, these adsorbed CO species were less stable than those on unpromoted Rh catalyst. H2 introduction at 303K caused the peak at 1419cm-1 to disappear ( Fig. 8 (b) ). Moreover, a broad band around 1700cm-1, which may be attributed to tilted CO, was also observed.
In-situ FT-IR observation of CO2 adsorption on 6.8wt% Ce/SiO2 was used to assign the bands at 1622, 1576 and 1419cm-1 in Fig. 8 (a) . After CO2 adsorption at 303K, somewhat broad peaks were found at 1603 and 1447cm-1 ( Fig. 9 (a) ). The first band consisted of bidentate carbonate (Section 3.4.2.) and carboxylate species (around 1570cm-1) on Ce31)-33). The second band was attributed to unidentate carbonate on Ce32). After CO replaced H2, the peak at 1447cm-1 decreased considerably.
Based on the results of CO2 adsorption and subsequent reactivity with hydrogen on Ce/SiO2, the bands at 1622, 1576 and 1419cm-1 in Fig.  8 (a) were assigned to bidentate carbonate, carboxylate and unidentate carbonate species, respectively. As mentioned in Section 3.1., Ce/SiO2 was inactive in CO2 hydrogenation.
These results strongly suggest that these carbonate and carboxylate species were neither the intermediates nor adsorbed species of reactants in CO2 hydrogenation. (h) 573K. (h) 573K. (h) 573K.
Discussion
Rh catalyst supported on SiO2 has high activity for CO2 hydrogenation22), but no C2 oxygenates such as ethanol are formed. The effect of Ce additives on the product distribution was examined, because Ce additive is effective for producing oxygenates from CO+H2 over conventionally prepared impregnated Rh cata-Ce additive drastically changed the product distribution as well as the CO2 conversion.
The main product of the undoped catalyst (Rh/SiO2) was CO. The main product changed from CO to methane by addition of Ce. Simultaneously, promotion of methanol and ethanol formation was observed.
The effect of the mechanism of Ce additives on the reactivity of Rh catalyst toward CO2+H2 was studied. Initially, the reason why Ce additive improved CO2 conversion was discussed.
First of all, we thought that the activity was increased because of additive activity. Cobalt addition to Rh/SiO2 catalyst increased CO2 conversion because the Co additive has high activity34). Based on the finding of Rh-Co/SiO2, we tried CO2 hydrogenation reaction over SiO2 supported Ce catalyst.
However, the Ce/SiO2 catalyst did not show any activity at all. In addition, adsorbed CO species, which are the intermediate in CO2 hydrogenation, was not observed by FT-IR on Ce/SiO2 in a CO2 atmosphere ( Fig. 9 (a) ). Accordingly, we concluded that the improved CO2 conversion was not due to the activity of the Ce additive.
Next we thought that promotion of activity was caused by an increase in the amount of adsorbed CO2 on the catalysts.
In CO2 hydrogenation over supported Rh catalysts, the step of CO2 activation to form adsorbed CO species is not a favorable process, compared with H2 adsorption35),36) Accordingly, CO2 conversion was low. If H2 adsorption is suppressed by CO2 adsorption, CO2 activation to generate adsorbed CO species will be accelerated, resulting in promotion of activity.
So we investigated CO2 adsorption by FT-IR as well as the spectra during reaction.
As expected, a strong band assigned to carboxylate species was observed at 1568cm-1 during CO2 hydrogenation over Ce promoted catalyst ( Fig. 3 (b) ). Moreover, strong bidentate carbonate and carboxylate peaks on Rh-Ce/SiO2 catalyst in a CO2 atmosphere (Fig. 8) . It is probable that there was some promotion of CO2 adsorption. Consequently, the concentration of surface CO during the reaction was enhanced, resulting in increased activity. Therefore, we concluded that Ce additive increased the amount of CO2 adsorption on the Rh/SiO2 catalyst, leading to increased CO2 conversion.
The main product of the Ce promoted catalyst was methane.
To produce methane from CO2, CO2 molecules must be dissociatively adsorbed as surface CO species as shown in Fig. 1022),37 ). In-situ FT-IR during the reaction observed bands due to adsorbed CO ( Fig. 3 (b) ). Surface CO species could be regarded as an intermediate species in the CO2 hydrogenation reaction over Rh catalysts3),5)12)-16),18) On the other hand, CO was the main product on unpromoted Rh/SiO2 catalyst, so that surface CO species are generated on Rh/SiO2 during the reaction.
Therefore, the activity of the adsorbed CO species on the surface was thought to determine the product distribution in the hydrogenation reaction of CO2.
In-situ FT-IR observation of CO adsorption on the catalysts and reactivity of adsorbed species against hydrogen found some CO was adsorbed on Rh-Ce/SiO2 catalyst, but disappeared completely at 533K (Fig. 5 ). On the other hand, adsorbed CO species originating from gas phase CO on Rh/SiO2 catalyst were relatively stable up to 533K (Fig. 4) . So we suggested that Ce additive promoted the reactivity of adsorbed CO species. Adsorbed CO species derived from CO2 may undergo hydrogenation associatively to form methanol, and dissociatively to methane, rather than be desorbed as molecular CO (Fig. 10 ).
Ce additive also increased ethanol selectivity, but this could not be explained with a similar mechanism. In order to produce ethanol, insertion of CO species into the methyl group by dissociative hydrogenation of adsorbed CO is indispensable22),37), Adsorbed CO inserts to Rh-CH3 and forms acyl groups (Rh-COCH3), which are desorbed as ethanol ( Fig. 10) . We suspected that Ce additive also promoted CO insertion into the Rh-CH3 bonding.
In-situ FT-IR spectra of CO2 hydrogenation as well as CO(CO2) adsorption observed a tilted CO band at around 1700cm-1 on Rh-Ce/SiO2, but not on Rh/SiO2 and Ce/SiO2. This band can be ascribed to a particular type of chemisorbed CO where the oxygen interacts with a Ce site, and may be represented by the following scheme (Scheme (1))9),10),28),38):
(1) Such an interaction between Ce and CO in CO hy- Fig. 10 Proposed Mechanism of CO2 Hydrogenation on Rh Catalyst drogenation might have two consequences, either favoring CO dissociation by diminishing the carbon-oxygen bond order or promoting migratory CO insertion by modification of the electron density in the vicinity of the carbon end9),10),28). The mechanism for CO2 hydrogenation is generally recognized to be similar to that for CO hydrogenation17),18). CO2 hydrogenation must differ from CO hydrogenation only in the first dissociation of CO218), so Ce promotion may involve such a mechanism. Synergetic interaction (Scheme (1)) implies high dis-
In fact, XRD and TEM indicated a decrease in metal particle size by co-impregnation of Rh and Ce. This finding indicated that Rh and Ce on Rh-Ce/SiO2 catalyst are more highly dispersed than on Rh/SiO2 and Ce/SiO2. Therefore, we suggest that Ce additive to Rh/SiO2 catalyst increases metal dispersion, leading to formation of tilted CO species. Consequently, CO dissociation and CO insertion are promoted, resulting in more CH4 and ethanol formation in CO2 hydrogenation.
Conclusion
Ce additive remarkably increased on CO2 conversion during CO2 hydrogenation over Rh/SiO2 catalyst. The main product was CO over unpromoted Rh/SiO2 catalyst, but methane over Ce promoted Rh/SiO2 catalyst.
Simultaneously, Ce additive promoted ethanol formation.
In-situ FT-IR during reaction and CO2 adsorption on unpromoted catalyst showed CO2 molecules were adsorbed as CO species that were the same as those found in CO adsorption. 
